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Abstract

Helicobacter cinaedi is an emerging pathogen causing bacteraemia and cellulitis. Nosocomial transmission of this microbe has

been described, but detailed molecular-epidemiological analyses have not been performed. Here, we describe the results of a

multi-step genome-wide phylogenetic analysis of a suspected intra-hospital outbreak of H. cinaedi that occurred in a hospital in

Japan. The outbreak was recognized by the infectious control team (ICT) of the hospital as a sudden increase in H. cinaedi

bacteraemia. ICT defined this outbreak case based on 16S rRNA sequence data and epidemiological information, but were

unable to determine the source and route of the infections. We therefore re-investigated this case using whole-genome

sequencing (WGS). We first performed a species-wide analysis using publicly available genome sequences to understand the

level of genomic diversity of this under-studied species. The clusters identified were then separately analysed using the genome

sequence of a representative strain in each cluster as a reference. These analyses provided a high-level phylogenetic resolution

of each cluster, identified a confident set of outbreak isolates, and discriminated them from other closely related but distinct

clones, which were locally circulating and invaded the hospital during the same period. By considering the epidemiological data,

possible strain transmission chains were inferred, which highlighted the role of asymptomatic carriers or environmental

contamination. The emergence of a subclone with increased resistance to fluoroquinolones in the outbreak was also recognized.

Our results demonstrate the impact of the use of a closely related genome as a reference to maximize the power of WGS.

DATA SUMMARY

The raw read sequences and assembled scaffold sequences
obtained in this study have been deposited in GenBank/EMBL/
DDBJ under the BioProject accession number PRJDB6556.

INTRODUCTION

Helicobacter cinaedi, a member of the enterohepatic Helico-
bacter colonizing intestinal tracts, is an emerging opportu-
nistic pathogen, while Helicobacter pylori, the well-known
and best-studied species of genus Helicobacter, is classified

as gastric Helicobacter [1, 2] (see the 16S RNA-based phylo-
genetic tree reported in our previous paper [2] for the phy-
logenetic position of this species in genus Helicobacter).
Although H. cinaedi was first isolated from an immuno-
compromised patient [3], it has also been isolated from
immune-competent patients and healthy persons [4–7], and
causes bacteraemia, cellulitis and other conditions such as
arthritis and meningitis [8–11]. In many reported cases,
strains were isolated from blood, but the bacteria have also
been detected by PCR or isolated from faecal samples from
patients and healthy volunteers [12–14], suggesting that
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bacterial translocation from the gastrointestinal tract may
be a route of infection, although the details have yet to be
elucidated [2, 15]. The global frequency of H. cinaedi infec-
tions is also very poorly understood, and most studies on
this species have been conducted in Japan. In these reports,
the positive rates of H. cinaedi among positive blood cul-
tures ranged from 0.22% [16] to 2.2% [15]. The estimated
mortality rate of H. cinaedi bacteraemia is 6.3% [15].
Although the prognosis is generally good, recurrence of bac-
teraemia is frequently observed, with reported rates of 30–
60% [2] or 72.7% [17]. Although several reports recom-
mended combination chemotherapy with an extended dura-
tion [4, 18, 19], no guideline for the usage of antimicrobials
has been established. Antimicrobial-resistance genes
encoded by mobile genetic elements such as plasmids and
transposons have not yet been identified in H. cinaedi. Sev-
eral intra-hospital outbreaks of H. cinaedi have been
reported, but detailed molecular-epidemiological analyses
have not yet been conducted [5, 20–22].

Molecular-epidemiological analyses are required to identify
the routes and/or sources of transmission of nosocomial
infections. Traditional methods of detecting nosocomial
transmission, such as pulse-field gel electrophoresis, are
available for H. cinaedi [5, 20–22], but these methods do not
provide sufficient resolution to distinguish closely related iso-
lates. Molecular-epidemiological analyses using whole-
genome sequencing (WGS) could, however, provide this level
of resolution.Many studies usingWGS have been performed,
primarily for bacteria that are well known to cause nosoco-
mial infections and whose genomic information has been
well accumulated; these bacteria include meticillin-resistant
Staphylococcus aureus [23, 24], Klebsiella pneumoniae [25],
Clostridium difficile [26] and Enterococcus faecium [27].
However, this approach can theoretically be applied to any
pathogen, even if only a limited amount of genomic informa-
tion is available for the suspected causative agent, as recently
shown for Elizabethkingia anopheles [28]. H. cinaedi is also
one of such pathogens, for which only four genome sequen-
ces are currently available [29–31].

Here, we describe the results of a multi-step genome-wide
phylogenetic analysis of a suspected intra-hospital outbreak
of H. cinaedi. We first performed a species-wide analysis
using a publicly available complete genome sequence. Clus-
ters identified were then separately analysed using the
genome sequences of strains included in each cluster as refer-
ences. This series of analyses notably increased the level of
resolution in each cluster. By combining the results with an
investigation of clinical records for each patient, we identified
an intra-hospital outbreak of aH. cinaedi clone and discrimi-
nated these infections from infections with other closely
related but distinct clones that occurred during the same
period. The identified possible strain transmission chains
highlighted the role of asymptomatic carriers (ACs). The
emergence of a clone with increased resistance to fluoroqui-
nolones (FQs) in the outbreak is also described.

METHODS

Microbiological analyses

We analysed 22 H. cinaedi clinical isolates obtained

from 21 bacteraemia patients (P01–P21) hospitalized in

hospital A in Miyazaki, Japan. All H. cinaedi samples

were isolated from blood cultures obtained as part of

routine clinical investigation using BACTEC FX (Nip-

pon Becton Dickinson). Cultures from patients P11 and

P17 were obtained when they visited the hospital after

discharge. Gram-negative bacteria with a spiral form

grown in blood cultures were inoculated on trypticase

soy agar II containing 5% sheep blood (Nippon Becton

Dickinson) and cultivated under microaerophilic condi-

tions (8% CO2) for 3 days at 37
�
C. Species were iden-

tified based on their morphological characteristics and

16S rRNA sequences. Strains CCUG18818T,

CCUG19503 and CCUG19504 were obtained from the

culture collection at the University of Göteborg (Swe-

den). Strains PAGU617, PAGU628 and PAGU1382 are

clinical strains isolated in regions other than Miyazaki

in Japan [32]. Strains analysed in this study are listed

in Table 1. Antimicrobial-susceptibility testing was con-

ducted using the agar dilution method [33].

IMPACT STATEMENT

Whole-genome sequencing (WGS) can distinguish closely

related bacterial strains isolated in outbreaks. Many

WGS analyses of intra-hospital outbreaks have been

reported, primarily for well-known pathogens whose

genomic information has been well accumulated. How-

ever, this approach can theoretically be applied to any

pathogen, even if only a limited amount of genomic infor-

mation is available for the suspected causative agent,

such as Helicobacter cinaedi, for which only four genome

sequences are currently available. Here, we present the

results of a multi-step WGS analysis of a suspected

intra-hospital outbreak of H. cinaedi; this analysis com-

prised (i) a species-wide analysis using a publicly avail-
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strains and, by considering the epidemiological data,

revealed complicated strain transmission routes. Our
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related genome as a reference to maximize the power of

WGS. As appropriate reference sequences are not

always available for minor or under-studied pathogens,

our approach would be a powerful strategy applicable to

any pathogen.
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Table 1. Strains used in this study

N/A, Not available.

Strain Place of strain

isolation

Conclusion of ICT

investigation

Patient Ward Time from P01D0000

(days)

Genome

sequencing

Assembly

status

Reference

P01D0000 Miyazaki, Japan Not investigated P01 Fa 0 This study Complete This

study

P02D0213 Miyazaki, Japan Not investigated P02 Fa 213 This study Draft This

study

P03D0629 Miyazaki, Japan Outbreak P03 Fa 629 This study Complete This

study

P04D0736 Miyazaki, Japan Outbreak P04 Fa 736 This study Draft This

study

P05D0741 Miyazaki, Japan Outbreak P05 Fa 741 This study Draft This

study

P06D0798 Miyazaki, Japan Non-outbreak P06 Fa 798 This study Complete This

study

P07D0876 Miyazaki, Japan Outbreak P07 Fa 876 This study Draft This

study

P08D0905 Miyazaki, Japan Outbreak P08 Fa 905 This study Draft This

study

P09D0927 Miyazaki, Japan Outbreak P09 Fa 927 This study Draft This

study

P10D0937 Miyazaki, Japan Outbreak P10 Fa 937 This study Draft This

study

P11D0946 Miyazaki, Japan Outbreak P11 Fa 946 This study Draft This

study

P11D1015 Miyazaki, Japan Outbreak P11 Fa 1015 This study Draft This

study

P12D0946 Miyazaki, Japan Outbreak P12 Fb 946 This study Draft This

study

P13D0979 Miyazaki, Japan Outbreak P13 Fa 979 This study Draft This

study

P14D1067 Miyazaki, Japan Outbreak P14 Fa 1067 This study Draft This

study

P15D1072 Miyazaki, Japan Outbreak P15 Fc 1072 This study Draft This

study

P16D1106 Miyazaki, Japan Outbreak P16 Fa 1106 This study Draft This

study

P17D1144 Miyazaki, Japan Outbreak P17 Fa 1144 This study Draft This

study

P18D1268 Miyazaki, Japan Non-outbreak P18 Fa 1268 This study Draft This

study

P19D1315 Miyazaki, Japan Non-outbreak P19 Fa 1315 This study Draft This

study

P20D1835 Miyazaki, Japan Not investigated P20 Fa 1835 This study Draft This

study

P21D1863 Miyazaki, Japan Not investigated P21 Fd 1863 This study Draft This

study

ATCC BAA-

847T
USA N/A N/A N/A N/A AP012492.1 Complete [30]

CCUG18818T USA N/A N/A N/A N/A This study Draft [48]

CCUG19503 Ottawa, Canada N/A N/A N/A N/A This study Draft [49]

CCUG19504 Ottawa, Canada N/A N/A N/A N/A This study Draft [49]

MRY08-1234 Hokkaido, Japan N/A N/A N/A N/A AP017374.1 Complete [31]

MRY12-0051 Hokkaido, Japan N/A N/A N/A N/A DRR090193 Draft [31]

PAGU611 Kumamoto, Japan N/A N/A N/A N/A AP012344.1 Complete [29]

PAGU617 Kumamoto, Japan N/A N/A N/A N/A This study Draft [32]

PAGU628 Tokyo, Japan N/A N/A N/A N/A This study Draft This

study

PAGU1382 Kumamoto, Japan N/A N/A N/A N/A This study Draft This

study
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Genome sequencing

Strains sequenced in this study were grown on Brucella agar
(Nippon Becton Dickinson) with 5% defibrinated horse
blood (Kohjin Bio) for 2 days at 37

�
C. Genomic DNA was

purified from cells collected from the plates using the Geno-
mic-tip 100/G system (QIAGEN) and then used to prepare
sequencing libraries with the Nextera DNA library prepara-
tion kit (Illumina). Libraries were sequenced using Illumina
MiSeq to obtain 151 or 251 bp paired-end (PE) reads.
Sequence assembly was performed using Platanus 1.2.2 with
the parameter for bubble crush (–u 0) [34]. To obtain the
complete sequences of strains P01D0000, P03D0629 and
P06D0798, 8 kb mate-paired libraries were prepared with
the Nextera mate pair sample prep kit (Illumina) and
sequenced using MiSeq to obtain mate-pair (MP) reads. PE
and MP reads for each strain were assembled together using
Platanus 1.2.2 with the parameter for bubble crush (–u 0),
and remaining gaps were closed by PCR amplification and
capillary sequencing of PCR products.

Annotation was performed by Prokka with default parame-
ters [35]. The complete genome sequences of strains
PAGU611 [29], ATCC BAA-847T [30] and MRY08-1234
[31] were downloaded from the website of the National
Center for Biotechnology Information (NCBI; ftp://ftp.ncbi.
nlm.nih.gov/genomes/genbank/bacteria/). The sequence
reads of strain MRY12-0051 [31] were obtained from the
DDBJ Sequence Read Archive (DRA). All sequences deter-
mined in this study have been deposited in GenBank/
EMBL/DDBJ under the BioProject accession number
PRJDB6556.

Single-nucleotide polymorphism (SNP) detection
and phylogenetic analyses

Draft (only contigs of �1 kb in length were used) or com-
plete sequences were aligned to reference genome sequen-
ces using NUCmer [36] with the parameters ‘—mum’.
Alignments of <99% identity and <2 kb were filtered out
from the analyses to exclude possible sequences from
mobile genetic elements. Only �500 bp regions shared by
all strains tested in each analysis were used for SNP call-
ing. To obtain only high-confidence SNPs, SNPs were
excluded if they resided (i) in repetitive regions, (ii)
within 100 bases of alignment boundaries, (iii) in the
immediate vicinity (within a 5 bp distance) of any inser-
tion/deletion sites or (iv) in regions that possibly experi-
enced homologous recombination as predicted by
Gubbins with default parameters [37]. Maximum-likeli-
hood (ML) phylogenetic trees were reconstructed using
RAxML-NG (https://github.com/amkozlov/raxml-ng/)
with an inferred model by ModelTest (https://github.com/
ddarriba/modeltest/) and 1000 bootstrap replicates [38].
Monophyletic clades, referred to as clusters, were identi-
fied using TreeGubbins (https://github.com/simonrharris/
tree_gubbins/) with default parameters. A neighbour-join-
ing tree was inferred with the p-distance method in
MEGA7 [39]. The temporal signal was investigated using
TempEst [40].

RESULTS

Cases of H. cinaedi infection

The infectious control team (ICT) of hospital A in Miyazaki,
Japan, recognized a sudden increase in H. cinaedi bacterae-
mia cases in the hospital, with 17 cases identified during a 2
year period (Fig. 1). Prior to this period, only a few or no
cases (up to two cases) were identified annually in the hos-
pital. Thus, the team suspected the occurrence of an intra-
hospital outbreak of H. cinaedi and investigated the genetic
relationship of the isolates obtained from these patients (18
isolates, including 2 from patient P11, from whom H.
cinaedi was isolated twice) based on their 16S rRNA sequen-
ces. By comparing the sequences and the epidemiological
information, the ICT defined one outbreak case based on
the following criteria: (i) isolates had the same 16S rRNA
sequences and (ii) the duration of hospitalization of the
patients overlapped. The defined outbreak included 14
cases/patients (15 isolates including 2 from P11; indicated
by blue closed circles in Fig. 1). These patients were hospi-
talized in the same ward (ward Fa), except for patient P12
(ward Fb). The 16S rRNA sequences of the other three iso-
lates (from P06, P18 and P19) were identical but different
from that of the outbreak isolates. Patients P18 and P19
were both hospitalized in ward Fa during an overlapping
period, suggesting strain transmission between them, but
there was no overlap of the hospitalization period between
P06 and P18/19.

In this investigation, it was not possible to determine the
source and route of H. cinaedi infections in the outbreak.
Therefore, we re-investigated this outbreak case by WGS. In
this re-investigation, the three non-outbreak isolates men-
tioned above and four blood isolates, which were isolated in
the hospital before and after the outbreak period (during
the preceding 2 years and subsequent 2 years), were
included. Thus, a total of 22 blood isolates from 21 patients,
comprising 8 males and 13 females with a median age of
61 years (range 27 to 79 years), from the same hospital were
analysed. As shown in Table S1 (available with the online
version of this article), isolates were named using the patient
ID (the prefix P followed by the patient number) and the
day of isolation (the prefix D followed by the number of
days after the day of the isolation of P01D0000, the earliest
isolate in the present strain set). However, for convenience
and simplicity, a strain isolated from patient PXX is referred
to as ‘isolate PXX’ in the text below. The two isolates from
patient P11 are referred to as ‘isolate P11a’ (the first isolate)
and ‘isolate P11b’ (the second isolate).

The first-step phylogenetic analysis

To determine the genetic relationship of the 22H. cinaedi
isolates, we obtained their draft sequences with total con-
tig lengths ranging from 2.04 to 2.24Mb and roughly
comparable to previously sequenced strains (Table S1). In
addition, to understand their genetic relationship in the
context of the genomic diversity of this species, we
obtained genome sequences of an additional 10 strains
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isolated in various geographical regions in and out of

Japan (Tables 1 and S1; including three finished

genomes) and performed a WGS-based phylogenetic anal-

ysis of the 32H. cinaedi strains. We first used the

PAGU611 genome as a reference. This analysis identified

4154 SNPs in 870 875 informative sites shared by the 32

strains. In an ML phylogenetic tree reconstructed based

on these SNPs, the presence of three monophyletic clus-

ters, which contained four or more strains, was evident

(clusters A, B and EX; Fig. 2). SNP distances between the

three clusters were 1927–1945 SNPs (between clusters A
and B), 1476–1492 (clusters A and EX) and 1902–1915

(clusters B and EX). Cluster A contained two strains iso-

lated in Hokkaido, Japan, and 17 Miyazaki isolates. These

strains exhibited 0–30 SNP differences from each other.

All 15 outbreak isolates defined by the ICT, together with

isolates P2 and P21 isolated in the same hospital after the

ICT investigation, belonged to cluster A. Cluster B con-

tained four Miyazaki isolates with 6–10 SNP distances.

Three of these were defined as non-outbreak isolates by

the ICT, and one (isolate P02) was isolated before the

ICT investigation. Cluster EX contained four strains,

which were within 7–35 SNP distances, but were isolated

in different places. Isolate P01, the earliest isolate among

the 22 Miyazaki isolates, belonged to this cluster.

The results of this analysis supported the conclusion of the
ICT. However, the number of informative sites available
represented less than 40% of the entire H. cinaedi genome
(Table S2) due to the genetic distances between the test
strains and the reference strain, and the presence of rela-
tively large amounts of recombinogenic sequences (663 kb,
as deduced by Gubbins). Accordingly, seven isolates and a
pair of isolates were indistinguishable in cluster A. Cluster B
also included a pair of indistinguishable isolates.

The second-step phylogenetic analyses

In the second step of the analysis, we analysed clusters sepa-
rately using the complete sequence of a representative iso-
late of each cluster as a reference to obtain higher-
resolution data.

Cluster A

MRY08-1234 was used as a reference in this analysis. The
number of available informative sites increased notably, and
the number of confident SNPs identified in cluster A
increased from 52 to 101 (Table S2). An ML phylogenetic
tree reflecting more accurate genetic distances was recon-
structed based on the 101 identified SNPs (Fig. 3). Due to
this increased resolution, four of the seven isolates and a
pair of isolates that were indistinguishable in the first-step
analysis were distinguished.

Fig. 1. The 22 H. cinaedi strains isolated in hospital A in Miyazaki used for the re-investigation by WGS analysis of the suspected out-

break. (a) The time of strain isolation (the number of days after the isolation of P01D0000, the earliest isolate in the present strain set)

is shown for each strain. (b) The hospitalization periods and admitted wards of the 21 patients (grey bars). Open bars in patients P06

and P12 indicate the admission to other wards. The dates of strain isolation are indicated by closed diamonds.
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Cluster B

We determined the complete genome sequence of isolate
P06 and used it as a reference. The number of informative
sites also increased notably, and the number of SNPs
increased from 12 to 40 (Table S2). An ML tree recon-
structed using the 40 SNPs (Fig. 3) distinguished the two
isolates that were indistinguishable in the first-step analysis.

Cluster EX

The complete genome sequence of isolate P01 was deter-
mined and used as a reference. The number of informative
sites also increased notably, and the number of SNPs
increased from 45 to 110 (Table S2). An ML tree recon-
structed using the 110 SNPs (Fig. 3) revealed that isolate
P01, isolated in Miyazaki, still exhibited only a 16 SNP dis-
tance to PAGU628, isolated in Tokyo, Japan.

The result of cluster EX analysis indicated that H. cinaedi
strains without any epidemiological links could be within a
16 SNP distance. Based on this finding, we reanalysed the
data for cluster A. This analysis revealed that, among the 15
isolates defined as outbreak strains by the ICT, 14 were
within a 10 SNP distance (Fig. 3; shaded yellow). Each iso-
late in this subset differed from the closest isolate by 0–5
SNPs. However, one of the 15 isolates (isolate P15) differed
from the other 14 isolates by 17–22 SNPs. These results
indicate that the 14 isolates can be regarded as true outbreak
strains, while isolate P15 cannot. The results of root-to-tip
analyses using TempEst [40] supported this conclusion

(Table S3). The estimated time to the most recent common
ancestor (TMRCA) of the 15 isolates was 3594 days before
the isolation date of isolate P03 (the first isolate among the
15 isolates), while that of the 14 isolates was 372 days before
the isolation of isolate P03. A pair of cluster A strains, iso-
lates P20 and P21, also differed by only one SNP (Fig. 3;
shaded by grey). A similar re-inspection of the data for clus-
ter B revealed that isolates P18 and P19 differed by five
SNPs (Fig. 3).

The third-step analysis of the 14 outbreak strains

Among the 14 isolates we confidently defined as outbreak
strains, we were still unable to distinguish three (isolates
P05, P09 and P13) in the second-step analysis (Fig. 3). As
an attempt to gain further information on the genetic rela-
tionship of these three isolates, we determined the complete
genome sequence of isolate P03, which was the earliest iso-
late among the 14 isolates, and we performed a phylogenetic
analysis of the 14 strains using it as a reference. This analysis
slightly increased the number of informative sites (74 kb).
However, no additional SNPs were identified among the
three isolates (Table S2).

Combined analysis of genomic and epidemiological
data

To analyse the route of strain transmission during the out-
break, we performed a combined analysis of the genomic
and epidemiological data of the 14 outbreak isolates. By

Fig. 2. The first-step WGS-based phylogenetic analysis. A species-wide analysis of H. cinaedi was performed using 32 strains (22

Miyazaki strains and 10 strains from various other regions) and the complete genome sequence of strain PAGU611 as a reference.

Based on the 4154 SNPs identified, an unrooted ML tree was reconstructed using RAxML-NG with the transversion model (TVM). Nodes

with �80%bootstrap support based on 1000 bootstrap replicates are indicated by open circles. Three monophyletic clusters identified

by TreeGubbins are shown in the boxes outlined with dashed lines, and indistinguishable strains in each cluster are shown in solid

boxes. Bars, number of substitutions per site. JP, Japan.
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mapping the genetic relationships of the isolates to the hos-
pitalization histories of patients, we identified complicated
routes of strain transmission (Fig. 4).

Although isolate P03 was the first isolate among the 14 out-
break isolates, this isolate does not appear to be the ancestor
of other isolates; isolate P03 was first separated from other
outbreak isolates and showed five or more SNP differences
to other isolates (Figs 3 and 4). The phylogenetic relation-
ship of the remaining 13 isolates suggests that the 3 indistin-
guishable isolates obtained from patients P05, P09 and P13
represent the ancestor of the others. Considering the phylo-
genetic relationship of the 13 isolates, the clone was likely
transmitted from either P05/P09/P13 to six patients (P04,
P07, P08, P10, P11 and P12) and further from P11 and P14
to P16 and P17, respectively. During these transmissions,
the clone spread to ward Fb (patient P12). Notably, no hos-
pitalization period overlap was observed between P05/P09/
P13 and P14 or between P11 and P16, suggesting the

involvement of ACs (patients or staff) or environmental
contamination in these transmission events.

The above-mentioned transmission network was deduced
mainly based on the simplest interpretation of the phyloge-
netic relationship of the outbreak isolates. However, some
caution is required for interpreting the data, because analy-
sis of two isolates obtained from P11 suggested the presence
of some level of within-host genomic diversity of H. cinaedi
strains. The two isolates were obtained at an interval of
69 days and differed by only one SNP; however, their phylo-
genetic relationship indicated that the earlier isolate (P11a)
was derived from the latter isolate (P11b). This suggests that
a certain level of genomic diversity was already present in
the H. cinaedi population that colonized P11, the two iso-
lates were present within this within-host diverse popula-
tion, and the duration of H. cinaedi colonization in P11
might have been long enough to generate this diversity.
Given the presence of such within-host diversity in H.

Fig. 3. Phylogenetic analyses of the three clusters identified in the first-step analysis. The three clusters identified in the first-step

analysis were separately analysed. SNPs were identified in each cluster using the complete genome sequences of MRY08-1234 (clus-

ter A), P06D0798 (cluster B) and P01D0000 (cluster EX) as references for each cluster to reconstruct ML trees using RAxML-NG with

the TPM2 (cluster A) or K80 (clusters B and EX) models. The trees are shown by mid-point rooting. Bootstrap values based on 1000

bootstrap replicates are indicated at nodes. Pairwise SNP distances between isolates are also indicated. The colours of each dot corre-

spond to the strain information indicated in Fig. 2.
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cinaedi populations colonized in each patient, some of the
very small number SNP differences observed in this analysis
might have been generated by acquiring diverse isolates
from a common source (transmission of diversity). Because
such SNP cannot be discriminated from those generated de
novo after transmission, we cannot rule out a possibility that
isolates within a one or two SNP difference were transmit-
ted from a common source (P05/P09/P13, P04, P07, P08,
P11, P12 and P14, or some of them).

A similar investigation of two pairs of very closely related
isolates in cluster A (isolates P20 and P21; one SNP differ-
ence) and cluster B (isolates P18 and P19; five SNP differen-
ces) revealed an overlap of the hospitalization period
between the two patients in each case (Fig. S1). This finding
strongly suggests the occurrence of intra-hospital strain
transmissions between the patients, although, in the case of
cluster A isolates, the two patients were hospitalized in dif-
ferent wards.

Alterations in antimicrobial resistance during the
outbreak

The present study provided an opportunity to analyse the
alterations of the outbreak clone (14 outbreak isolates) in
antimicrobial resistance during a 17.2month period. Deter-
mination of the minimum inhibitory concentrations (MICs)
of nine antimicrobials for each isolate revealed that all 14
isolates were resistant to macrolides (Table S4). The resis-
tance was due to a mutation in the 23S rRNA gene [22]. We

confirmed that both copies of the 23S rRNA gene sequences
encoded in the complete genome sequence of isolate P03
had the mutation. A more notable finding was the variation
in the resistance to FQs. All 14 isolates were resistant to
FQs, with MICs of �16 µgml�1 to ciprofloxacin and �4 µg
ml�1 to levofloxacin (Fig. 4, Table S4), but three isolates
(isolates P11a, P11b and P16) showed a remarkable increase
in FQ resistance (MICs of both FQs: 64 µgml�1). All 14 iso-
lates contained the T84I mutation in GyrA, which accounts
for their basic FQ resistance [21]. In addition, the three
highly resistant isolates contained the D423N mutation in
GyrB, which is known to confer FQ resistance [41]. Among
the patients involved in the outbreak, FQs were adminis-
tered to four patients. One of them was patient P11, from
whom highly resistant isolates were obtained. This finding
indicates that the FQ-highly-resistant subclone emerged
within patient P11 and was selected by FQ administration
therein, and was then transmitted to P16, who had no his-
tory of FQ administration (Fig. 4).

DISCUSSION

In this study, we re-examined an intra-hospital H. cinaedi
outbreak, which was defined by the ICT based on the 16S
rRNA sequences of isolates and the patients’ hospitalization
records, by multi-step WGS-based phylogenetic analyses. In
the first step, a publicly available complete genome sequence
with an unknown genetic relatedness to the test strains was
used as a reference. Additional H. cinaedi strains isolated in

Fig. 4. The genetic relationship of the 14 outbreak isolates and their possible transmission routes. (a) The phylogenetic relationships

of the 14 outbreak isolates defined in this study are shown as a neighbour-joining tree. The tree was rooted with isolate P15. Dia-

monds are coloured corresponding to the inferred transmission routes shown in (b). Three isolates that acquired a higher FQ resis-

tance are indicated by asterisks. Five patients with confirmed histories of FQ administration (within 6 months before strain isolation)

are indicated in red. The MICs of the 14 isolates to ciprofloxacin (CPFX) and levofloxacin (LVFX) and the mutations (amino acid substitu-

tions) found in GyrA and GyrB in the 14 isolates are also shown. (b) Hospitalization periods of each patient (grey bars), dates of strain

isolation (coloured diamonds) and possible strain transmission routes inferred from the phylogenetic relationships of the outbreak iso-

lates are shown. An open bar for patient P12 indicates the admission to a different ward. Dashed arrows indicate the transmissions

between patients with no hospitalization period overlap, for which the involvement of ACs or environmental contamination is inferred.

Note that a possibility that isolates within a one or two SNP difference (P05/P09/P13, P04, P07, P08, P11, P12 and P14, or some of

them) were transmitted from a common source cannot be ruled out (see the main text for more details).
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the same hospital and in various regions inside and outside
of Japan were also included to understand the level of
genetic relatedness of the outbreak isolates in the species-
wide context. In the second step, each cluster identified was
separately analysed using the genome sequences of the rep-
resentative isolates of each cluster as references. This
approach provided a high level of resolution to discriminate
each outbreak isolate differing by only one or a few SNPs at
the WGS level (Fig. 2, Table S1). The third step of the analy-
sis targeting only outbreak isolates did not provide a further
increase in resolution, but based on the results of this series
of analyses, we identified true outbreak strains with a high
confidence and their precise genetic relationships. Although
WGS has a high phylogenetic resolution power, our data
demonstrate the impact of the use of a closely related
genome as the reference to maximize its power. Appropriate
reference sequences are not always available, particularly for
minor or under-studied pathogens. Thus, the multi-step
analysis described here is a powerful strategy applicable to
any pathogen. The results of this study also highlighted the
importance of understanding the potential level of genomic
diversity in the species to be analysed. Our results indicated
that H. cinaedi strains with no epidemiological link could be
within a 16 SNP distance (Fig. 2). This information is prob-
ably essential to precisely and confidently defining outbreak
strains in any WGS-based phylogenetic analysis.

Determining the precise genetic relationship between the
outbreak isolates as well as strains isolated before and after
the outbreak period revealed complicated transmission
routes of the outbreak clone and a complex population
structure of the H. cinaedi strains obtained during the study
period. However, several clinically important issues to be
clarified in future studies have been noted. First, under-
standing the genomic diversity H. cinaedi within each
patient is essential to precisely determine the route/source
of strain transmission. Due to the lack of this information
(except for patient P11), one of the limitations of this retro-
spective study, we were unable to pinpoint the route of
strain transmission in this outbreak case as described in
Results. Analysis of multiple colonies from each clinical
sample will further enhance the power of WGS, as reported
for several pathogens [27, 42–44].

The surveillance of ACs and environmental contamination
is also important to fully understand the route/source of
strain transmission. In this study, the involvement of ACs
(patients or staff) or environmental contamination in strain
transmission was clearly suggested on multiple occasions.
However, the lack of surveillance of these potential routes/
sources of strain transmission, another limitation of this
study, hampered further analyses of this issue. As the intes-
tinal colonization rate of H. cinaedi in patients with H.
cinaedi bacteraemia has been reported to be greater than
50% [15] and the carriage of H. cinaedi has also been
reported in 10% of healthy volunteers [14], significant
numbers of inpatients may have been colonized by H.
cinaedi during the study period. Although it is not easy to

isolate H. cinaedi from stool samples because of the lack of
efficient selective media, WGS analysis of multiple isolates
from each stool sample and/or isolates from longitudinal
sampling should also be conducted if possible, as reported
for other pathogens that asymptomatically colonize the gut,
such as Enterococcus faecium[27], extended-spectrum-b-
lactamase-producing Escherichia coli [44], K. pneumoniae
[45] and C. difficile [46]. Such analyses would provide more
information on the within-host diversity and evolution of
this species and on the duration of the AC state, which are
required for precisely interpreting the data from outbreak
investigations using WGS.

Regarding the possible involvement of environmental con-
tamination in strain transmission in this outbreak, it may be
noteworthy that, after the ICT recognized the suspected out-
break, the hospital re-educated the cleaning staff to more
frequently change their gloves and other cleaning tools, par-
ticularly during and after the cleaning of restrooms. After
re-education, the outbreak clone was not isolated in the hos-
pital, suggesting a possibility that the main site of transmis-
sion might be the restrooms, as previously suspected [20].
H. cinaedi can present in a coccoid form like H. pylori [2],
which likely survives some hospital environments for cer-
tain periods, potentially facilitating patient-to-patent trans-
mission. As it is also difficult to isolate H. pylori from
environmental samples, it may be impossible at present to
perform systematic WGS analyses of environmental isolates
similar to that reported for meticillin-resistant S. aureus
[47] andEnterococcus faecium[27]. However, it may be pos-
sible to perform surveillance using culture-independent
techniques, such as PCR, in outbreak investigations and
this would provide valuable information that complements
the WGS analysis of isolates from patients.

The complicated population structure of the H. cinaedi
strains obtained in this hospital during the study period is
also intriguing in terms of the invasion of locally circulating
clones into hospitals. The isolate from patient P15, which
was initially defined by the ICT as an outbreak strain,
appears closely but not directly related to the outbreak
clone. This strain appears to represent one of the regionally
circulating cluster A clones (Fig. S1). The isolates from P20/
P21 also belong to cluster A, but are distinct from the out-
break clone. Thus, it is most likely that multiple invasions of
the regionally circulating cluster A clones into the hospital
occurred during the study period. Similarly, infections of
cluster B isolates, which occurred during the same period
and in the same ward (ward Fa), were most likely caused by
invasions of multiple cluster B clones into the hospital.

Finally, it should also be mentioned that a subclone with an
acquired higher FQ resistance (Fig. 4, Table S4) and the
patient (P11) in which this subclone emerged were identi-
fied based on the precise genetic relationship between the
outbreak isolates revealed by WGS. As the history of FQ
administration in patient P11 was also confirmed, this find-
ing represents a clear example of the continuing selection
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for higher FQ resistance exerted by the wide use of FQs in
hospitals.

Funding information

This study was supported by the Integrated Research Project for
Human and Veterinary Medicine of the University of Miyazaki,
Japan to N.M., and JSPS KAKENHI grant numbers JP25670468 and
JP17K17933 to Y. G.

Acknowledgements

We thank A. Yoshida, N. Kawano, N. Sakamoto, Y. Inoue, M. Horiguchi,
T. Miyazaki and N. Fujii for providing technical assistance.

Conflicts of interest

The authors declare that there are no conflicts of interest.

Ethical statement

The study was approved by Research Ethics Committee of the Faculty
of Medicine, University of Miyazaki, Japan, with a waiver of the need to
obtain written informed consent. As all data were anonymized, individ-
ual consent for publication is not applicable.

Data bibliography

1. Akiyama T, Takeshita N, Ohmagari N et al. GenBank/EMBL/DDBJ
accession number AP012492 (2012).

2. Kazusa DNA Research Institute, Japan. GenBank/EMBL/DDBJ
BioProject ID PRJDB88 (2012).

3. Rimbara E, Mori S, Suzuki M et al. GenBank/EMBL/DDBJ accession
number AP017374 (2016).

4. Bacteriology II, National Institute of Infectious Diseases, Japan.
GenBank/EMBL/DDBJ BioProject ID PRJDB5659 (2017).

References

1. Solnick JV, Schauer DB. Emergence of diverse Helicobacter spe-
cies in the pathogenesis of gastric and enterohepatic diseases.
Clin Microbiol Rev 2001;14:59–97.

2. Kawamura Y, Tomida J, Morita Y, Fujii S, Okamoto T et al. Clinical
and bacteriological characteristics of Helicobacter cinaedi infection.
J Infect Chemother 2014;20:517–526.

3. Totten PA, Fennell CL, Tenover FC, Wezenberg JM, Perine PL

et al. Campylobacter cinaedi (sp. nov.) and Campylobacter fennelliae

(sp. nov.): two new Campylobacter species associated with enteric
disease in homosexual men. J Infect Dis 1985;151:131–139.

4. Lasry S, Simon J, Marais A, Pouchot J, Vinceneux P et al. Helico-

bacter cinaedi septic arthritis and bacteremia in an immunocom-
petent patient. Clin Infect Dis 2000;31:201–202.

5. Kitamura T, Kawamura Y, Ohkusu K, Masaki T, Iwashita H et al.

Helicobacter cinaedi cellulitis and bacteremia in immunocompetent
hosts after orthopedic surgery. J Clin Microbiol 2007;45:31–38.

6. Holst H, Andresen K, Blom J, Højlyng N, Kemp M et al. A case of
Helicobacter cinaedi bacteraemia in a previously healthy person
with cellulitis. Open Microbiol J 2008;2:29–31.

7. Shimizu Y, Gomi H, Ishioka H, Isono M. Refractory to treat Helico-
bacter cinaedi bacteremia with bilateral lower extremities cellulitis
in an immunocompetent patient. IDCases 2016;5:9–11.

8. Burman WJ, Cohn DL, Reves RR, Wilson ML. Multifocal cellulitis
and monoarticular arthritis as manifestations of Helicobacter

cinaedi bacteremia. Clin Infect Dis 1995;20:564–570.

9. Kiehlbauch JA, Brenner DJ, Cameron DN, Steigerwalt AG,

Makowski JM et al. Genotypic and phenotypic characterization of
Helicobacter cinaedi and Helicobacter fennelliae strains isolated
from humans and animals. J Clin Microbiol 1995;33:2940–2947.

10. Fox JG, Handt L, Sheppard BJ, Xu S, Dewhirst FE et al. Isolation
of Helicobacter cinaedi from the colon, liver, and mesenteric lymph
node of a rhesus monkey with chronic colitis and hepatitis. J Clin

Microbiol 2001;39:1580–1585.

11. Orlicek SL, Welch DF, Kuhls TL. Septicemia and meningitis

caused by Helicobacter cinaedi in a neonate. J Clin Microbiol 1993;
31:569–571.

12. Araoka H, Baba M, Okada C, Kimura M, Sato T et al. First evidence

of bacterial translocation from the intestinal tract as a route of
Helicobacter cinaedi bacteremia. Helicobacter 2018;23:e12458.

13. Araoka H, Baba M, Okada C, Kimura M, Sato T et al. Risk factors

for recurrent Helicobacter cinaedi bacteremia and the efficacy of
selective digestive decontamination with kanamycin to prevent
recurrence. Clin Infect Dis 2018;67:573–578.

14. Oyama K, Khan S, Okamoto T, Fujii S, Ono K et al. Identification of

and screening for human Helicobacter cinaedi infections and car-
riers via nested PCR. J Clin Microbiol 2012;50:3893–3900.

15. Araoka H, Baba M, Kimura M, Abe M, Inagawa H et al. Clinical

characteristics of bacteremia caused by Helicobacter cinaedi and
time required for blood cultures to become positive. J Clin

Microbiol 2014;52:1519–1522.

16. Matsumoto T, Goto M, Murakami H, Tanaka T, Nishiyama H et al.

Multicenter study to evaluate bloodstream infection by Helico-

bacter cinaedi in Japan. J Clin Microbiol 2007;45:2853–2857.

17. Shimizu S, Shimizu H. Cutaneous manifestations of Helicobacter

cinaedi: a review. Br J Dermatol 2016;175:62–68.

18. Bateman AC, Butler-Wu SM. The brief case: bacteremia caused by

Helicobacter cinaedi. J Clin Microbiol 2017;55:5–9.

19. Uçkay I, Garbino J, Dietrich PY, Ninet B, Rohner P et al. Recurrent

bacteremia with Helicobacter cinaedi: case report and review of
the literature. BMC Infect Dis 2006;6:86.

20. Minauchi K, Takahashi S, Sakai T, Kondo M, Shibayama K et al.

The nosocomial transmission of Helicobacter cinaedi infections in
immunocompromised patients. Intern Med 2010;49:1733–1739.

21. Rimbara E, Mori S, Matsui M, Suzuki S, Wachino J et al. Molecular

epidemiologic analysis and antimicrobial resistance of Helico-

bacter cinaedi isolated from seven hospitals in Japan. J Clin

Microbiol 2012;50:2553–2560.

22. Rimbara E, Mori S, Kim H, Matsui M, Suzuki S et al. Helicobacter

cinaedi and Helicobacter fennelliae transmission in a hospital from
2008 to 2012. J Clin Microbiol 2013;51:2439–2442.

23. Köser CU, Holden MT, Ellington MJ, Cartwright EJ, Brown NM

et al. Rapid whole-genome sequencing for investigation of a neo-

natal MRSA outbreak. N Engl J Med 2012;366:2267–2275.

24. Tong SY, Holden MT, Nickerson EK, Cooper BS, Köser CU et al.

Genome sequencing defines phylogeny and spread of methicillin-
resistant Staphylococcus aureus in a high transmission setting.
Genome Res 2015;25:111–118.

25. Snitkin ES, Zelazny AM, Thomas PJ, Stock F, Henderson DK et al.

Tracking a hospital outbreak of carbapenem-resistant Klebsiella

pneumoniae with whole-genome sequencing. Sci Transl Med 2012;
4:148ra116.

26. Jia H, Du P, Yang H, Zhang Y, Wang J et al. Nosocomial transmis-

sion of Clostridium difficile ribotype 027 in a Chinese hospital,
2012-2014, traced by whole genome sequencing. BMC Genomics

2016;17:405.

27. Moradigaravand D, Gouliouris T, Blane B, Naydenova P, Ludden C

et al. Within-host evolution of Enterococcus faecium during longitu-

dinal carriage and transition to bloodstream infection in immuno-
compromised patients. Genome Med 2017;9:119.

28. Perrin A, Larsonneur E, Nicholson AC, Edwards DJ, Gundlach KM

et al. Evolutionary dynamics and genomic features of the Eliza-

bethkingia anophelis 2015 to 2016 Wisconsin outbreak strain. Nat
Commun 2017;8:15483.

29. Goto T, Ogura Y, Hirakawa H, Tomida J, Morita Y et al. Complete

genome sequence of Helicobacter cinaedi strain PAGU611, isolated
in a case of human bacteremia. J Bacteriol 2012;194:3744–3745.

30. Miyoshi-Akiyama T, Takeshita N, Ohmagari N, Kirikae T. Complete

genome sequence of Helicobacter cinaedi type strain ATCC BAA-
847. J Bacteriol 2012;194:5692.

Gotoh et al., Microbial Genomics 2019;5

10



31. Rimbara E, Mori S, Kim H, Suzuki M, Shibayama K. Mutations in

genes encoding penicillin-binding proteins and efflux pumps play

a role in b-lactam resistance in Helicobacter cinaedi. Antimicrob

Agents Chemother 2018;62:e02036-17.

32. Tomida J, Morita Y, Shibayama K, Kikuchi K, Sawa T et al. Diver-

sity and microevolution of CRISPR loci in Helicobacter cinaedi.

PLoS One 2017;12:e0186241.

33. Tomida J, Oumi A, Okamoto T, Morita Y, Okayama A et al. Com-

parative evaluation of agar dilution and broth microdilution meth-

ods for antibiotic susceptibility testing of Helicobacter cinaedi.

Microbiol Immunol 2013;57:353–358.

34. Kajitani R, Toshimoto K, Noguchi H, Toyoda A, Ogura Y et al. Efficient

de novo assembly of highly heterozygous genomes from whole-

genome shotgun short reads. Genome Res 2014;24:1384–1395.

35. Seemann T. Prokka: rapid prokaryotic genome annotation.

Bioinformatics 2014;30:2068–2069.

36. Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M et al. Ver-

satile and open software for comparing large genomes. Genome

Biol 2004;5:R12.

37. Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA et al.

Rapid phylogenetic analysis of large samples of recombinant bac-

terial whole genome sequences using Gubbins. Nucleic Acids Res

2015;43:e15.

38. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis

and post-analysis of large phylogenies. Bioinformatics 2014;30:

1312–1313.

39. Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary

genetics analysis version 7.0 for bigger datasets. Mol Biol Evol

2016;33:1870–1874.

40. Rambaut A, Lam TT, Max Carvalho L, Pybus OG. Exploring the

temporal structure of heterochronous sequences using TempEst

(formerly Path-O-Gen). Virus Evol 2016;2:vew007.

41. Ruiz J. Mechanisms of resistance to quinolones:
target alterations, decreased accumulation and DNA gyrase pro-
tection. J Antimicrob Chemother 2003;51:1109–1117.

42. Young BC, Golubchik T, Batty EM, Fung R, Larner-Svensson H

et al. Evolutionary dynamics of Staphylococcus aureus during pro-
gression from carriage to disease. Proc Natl Acad Sci USA 2012;
109:4550–4555.

43. Didelot X, Nell S, Yang I, Woltemate S, van der Merwe S et al. Geno-
mic evolution and transmission of Helicobacter pylori in two South
African families. Proc Natl Acad Sci USA 2013;110:13880–13885.

44. Stoesser N, Sheppard AE, Moore CE, Golubchik T, Parry CM

et al. Extensive within-host diversity in fecally carried
extended-spectrum-b-lactamase-producing Escherichia coli iso-
lates: implications for transmission analyses. J Clin Microbiol

2015;53:2122–2131.

45. Gorrie CL, Mirceta M, Wick RR, Judd LM, Wyres KL et al. Antimi-
crobial-resistant Klebsiella pneumoniae carriage and infection in
specialized geriatric care wards linked to acquisition in the refer-
ring hospital. Clin Infect Dis 2018;67:161–170.

46. Kong LY, Eyre DW, Corbeil J, Raymond F, Walker AS et al. Clos-

tridium difficile: Investigating Transmission Patterns between
Infected and Colonized Patients using whole Genome Sequencing.
Clin Infect Dis 2018. ciy457.

47. Harrison EM, Ludden C, Brodrick HJ, Blane B, Brennan G et al.

Transmission of methicillin-resistant Staphylococcus aureus in
long-term care facilities and their related healthcare networks.
Genome Med 2016;8:102.

48. Fennell CL, Totten PA, Quinn TC, Patton DL, Holmes KK et al.

Characterization of Campylobacter-like organisms isolated from

homosexual men. J Infect Dis 1984;149:58–66.

49. Vandamme P, Falsen E, Pot B, Kersters K, de Ley J. Identification

of Campylobacter cinaedi isolated from blood and feces of children

and adult females. J Clin Microbiol 1990;28:1016–1020.

Gotoh et al., Microbial Genomics 2019;5

11

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.

2. We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.

3. Our journals have a global readership with subscriptions held in research institutions around
the world.

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good’.

5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.

http://www.microbiologyresearch.org

